[1] Subduction of seamounts and ridges along thinly sedimented convergent margins results in deformation of the overriding forearc. Exposures of newly recognized late Pleistocene, shallow water deposits (i.e., Marenco formation) record intervals of rapid subsidence and uplift across the Costa Rican forearc inboard of the subducting Cocos Ridge. In general, the Marenco formation is a fining upward, fossiliferious, late Pleistocene, marine sand disconformably overlying beveled surfaces cut across the competent Osa mélange basement. The $50 to 27 ka age of the Marenco formation is constrained by 12 accelerator mass spectrometry and two conventional 14 C dates obtained on marine macrofossils. The deposition of this sequence coincident with a general fall in sea level during oxygen isotope stage 3 requires >6 mm yr À1 subsidence inboard of the northwest flank of the subducting Cocos Ridge. Presently, exposures of the Marenco formation are found at >75 m above sea level, requiring uplift rates in excess of 6 mm yr À1 . We interpret the down and up history of vertical tectonism recorded by the Marenco formation as the response of the upper plate to variations in the elevation of the subducting Cocos Ridge. On the basis of a model where the upper plate deforms through bends because of roughness on a rigid downgoing plate, the rate, duration, and spatial distribution of vertical tectonism across the forearc are determined by the magnitude of the orthogonal component of the relative convergence vector and the bathymetry of the underthrusting plate. Application of this model to bathymetric data for the Cocos plate offshore yields a broad agreement between predicted future rates of subsidence and uplift and rates over the last 50 kyr recorded by the Marenco formation. Furthermore, analysis suggests that the arrival of the blunt-tipped leading edge of the Cocos Ridge (0.5-3 Ma) resulted in an initial period of very rapid ($30 mm yr À1 ) uplift.
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Introduction
[2] Subduction of bathymetric highs at thinly sedimented, convergent plate boundaries may control the distribution and rates of vertical tectonism (surface uplift and subsidence) across the overriding plate [see, e.g., Hsu, 1988 Hsu, , 1992 Gardner et al., 1992; Fisher et al., 1998; Mann et al., 1998 ]. Uplifted Quaternary marine deposits are exposed inboard of numerous subducting ridges such as the Nazca and Carnegie Ridges (Peruvian and Chilean forearcs) [Radtke, 1987; Hsu, 1988 Hsu, , 1992 Gutscher et al., 1999] , the Woodlark spreading center (forearc of the Solomon Island Group) [Mann et al., 1998] , and the D'Entrecasteaux Ridge (New Hebrides forearc) [Meffre and Crawford, 2001] . In all of these areas, subduction of large bathymetric ridges produces net uplift at rates in excess of the post-Last Glacial Maximum sea level rise. We postulate that vertical tectonism along nonaccretionary margins is a direct response to variations in the bathymetry of the incoming plate. Therefore rates of vertical motion across the overriding forearc are a function of the margin-perpendicular component of the relative plate convergence vector (i.e., displacement rate) and the complex surface geometry of the underthrusting plate. Under these circumstances, a margin may experience rapid uplift during subduction of the leading edge of a bathymetric high followed by subsidence along the trailing edge.
[3] Uplift across all four of the aforementioned margins reflects the increasing elevation of subducting seafloor related to arrival of a ridge. Unfortunately, the existing records of vertical tectonism are generally discontinuous and too coarse to evaluate the relationship between bathymetric gradients along the axis of the ridge and variations in surface vertical motion in the overriding forearc. In contrast, along the Costa Rican forearc, exposures of a late Pleisto-cene, marine deposit across the northwest coast of the Osa Peninsula provide a detailed record of changes in the depositional environment and elevation of the peninsula through time. Moreover, incoming seamounts and ridges are oriented at a low angle to the relative Cocos-Caribbean (COC-CAR) convergence vector, so the effects of ongoing Cocos Ridge subduction are focused on isolated portions of the margin (Figure 1a ). In this study we focus on the northwest coast of the Osa Peninsula because this segment of the Costa Rican forearc is located along the axis of the rapidly ($95 mm yr À1 ) subducting Cocos Ridge [DeMets et al., 1994; von Huene et al., 2000] . This newly recognized late Pleistocene marine record enables us to evaluate the relationship between the morphology of the underthrusting Figure 1 . (a) Generalized tectonic framework of the Central American isthmus with major plate tectonic features. Plate names are underlined and in bold. Abbreviations are as follows: CARIB, Caribbean plate; SOAM, South American plate; NAZCA, Nazca plate; COCOS, Cocos plate; PANAMA, Panama microplate; NPDB, North Panama deformed belt; SPDB, South Panama deformed belt; CCRDB, Central Costa Rica deformed belt; CR, Cocos Ridge; PPB, paleoplate boundary; and RJ, ridge jump. Tectonic features are compiled from Mackay and Moore [1990] , Silver et al. [1990] , Meschede et al. [1998] , Marshall et al. [2000] , and Barckhausen et al. [2001] . Heavy solid arrows indicate present-day plate motions relative to a fixed Caribbean plate [DeMets et al., 1994] ; thin solid lines with small numbers indicate orientation and age (Ma) of magnetic anomalies [Barckhausen et al., 2001] ; box denotes location of Figure 1b. (b) Generalized geologic map of the Osa Peninsula and bathymetric contour map of the subducting Cocos plate. Bathymetric contours are 100 m contour interval (light shaded lines) and heavy contour lines are 1000 m contour interval [from von Huene et al., 1995] ; thick dashed barbed line marks axis of the Middle America Trench (MAT); thick black arrow indicates relative Cocos-Caribbean (COC-CAR) convergence vector [DeMets et al., 1994] . Geologic data are modified from Madrigal [1977] , Brenes et al. [1983] , Lew [1983] , Corrigan et al. [1990] , and Bullard [1995] and are supplemented by field mapping conducted during this study. Box indicates area of Figure 1c . (c) Geologic map of the northwestern coast of the Osa Peninsula. White circles show location of measured stratigraphic section; thin solid line indicates line of section in Figure 3c .
Cocos plate and variations in the response of the overriding forearc.
Osa Peninsula Stratigraphy
[4] The Osa Peninsula is a $60 km long, northwest trending, outer forearc high inboard of the subducting aseismic Cocos Ridge. The peninsula consists of a narrow coastal piedmont surrounding a northwest trending mountainous core that locally exceeds 700 m elevation (Figure 2 ). Bedrock exposures across the peninsula are subdivided into three units (Figures 1b and 1c) . The Osa mélange basement sequence consists predominately of cataclasites with brecciated basalts, sandstones, and radiolarian cherts with locally significant lenses of limestone. Remnant foraminifera from the mélange matrix indicate a late Cretaceous to Miocene age [Lew, 1983; Di Marco et al., 1995] . Outcrops of mélange (Kom) are generally confined to incised river valleys and coastal exposures.
[5] The basement is unconformably overlain by sequences of locally derived, fining upward, semilithified, clastic, late Tertiary and Quaternary sediments (TQs). TQs is formally subdivided into the Charco Azul and Armuelles Formations [Sprechmann, 1984] . The early Pliocene through Pleistocene Charco Azul Formation consists of a basal volcaniclastic, glauconite-bearing sandstone and localized 0.5 to 5 m thick channelized conglomerates overlain by fine-grained, fossiliferious, marine turbidite facies [Lew, 1983; Corrigan et al., 1990] . Fine-grained turbidites of the upper Charco Azul Formation grade up section into the fossiliferious sands of the Puerto Armuelles Formation [Sprechmann, 1984] . Gardner et al. [1992] subdivide late Quaternary deposits exposed across the southeastern portions of the Osa Peninsula into two chronosequences based on extensive 14 C age dating: the <10 ka Chrononsequence I and the >20 ka Chronosequence II. In this study, field mapping of late Pleistocene, marine sands exposed along the northwest coast of the Osa Peninsula are used in conjunction with radiocarbon dating to define a newly recognized formation deposited coincident with Chronosequence II of Gardner et al. [1992] .
[6] Nine stratigraphic sections of flat lying, semilithified, late Pleistocene, marine deposits were measured across a $15 km long segment of the northwest coast of the Osa Peninsula (Figures 1 and 3 ). These sections exhibit spatial variations in the thickness, facies associations, and age of the deposits. Exposures of these jointed sands, referred to here as the Marenco formation, locally range in thickness from >60 m to <5 m. Examined joint planes were not ornamented. In general, the Marenco formation consists of poorly sorted, cross-bedded to massive, medium-to coarse-grained, lithic sands, and well-sorted, very fine grained, thin, planar-bedded silty sands.
[7] Three distinctive facies are recognized in the Marenco formation. Facies I is a coarse-grained, bimodal cross-bedded, lithic sandstone. Locally, this facies contains biogenically bored, matrix-supported, barnacle-encrusted sandstone and mélange cobbles (i.e., column A 3 -9 m, Figure 3a ). Where exposed, the base of facies I (i.e., column B 41 m, Figure 3a ) disconformably overlies subhorizontally beveled surfaces cut across the competent Osa mélange basement. Fossils are confined to a thin lag deposit of shell debris resting directly upon the beveled mélange surface or barnacle-encrusted cobbles that litter the beveled mélange surface. This thin, fossiliferious horizon is overlain by meter-scale, bimodal cross-bedded, pebbly sands. Up section, facies I grades into facies II (Figures 3a and 3b) . Facies II consists of massive, poorly sorted, medium-to coarse-grained, buffcolored, lithic sands. Facies II contains abundant pebbles and abraded, thick-walled shells (i.e., column A 11 -50 m, Figure 3a ). High concentrations of fossil hash occur locally in isolated burrows within facies II (i.e., column B 21-25 m, Figure 3a ). Facies II grades up section into fine-to very fine grained, silty sands of facies III (i.e., columns A, B, and G, Figures 3a and 3b) . Thin-walled, articulated bivalves, woody debris, and leaf impressions are common throughout facies III (i.e., Figure 3b , column F). Locally, the articulated bivalves within the thinly bedded, horizontally bedded sands of facies III are preserved in growth position. Elsewhere, the sands are massive with pervasive bioturbation.
[8] Facies are assigned to depositional environments by comparison to modern environments. The thin, fossil-rich lag of disarticulated shell debris blanketing subjacent beveled Osa mélange is both similar to the silt-free, stratified, shelly gravel which Gardner et al. [1992] mapped to a swash face environment and consistent with deposition above a marine planation surface at mean 0 ± 1.2 m sea level, assuming the modern tidal range of $2.4 m along the Osa Peninsula [Lajoie, 1986; Roy et al., 1994] . The massive sands of facies II are consistent with deposition above average wave base at an inferred water depth of À9 ± 6 m [Reading and Collinson, 1996] . Low-energy, facies IIItype deposits have not been reported across the southeastern portions of the Osa Peninsula [Gardner et al., 1992; Bullard, 1995] . Low-energy, facies III-type sediment stratigraphically above the high-energy deposits of facies II could potentially represent a lagoonal deposit, a below-wave base deposit, or a regionally extensive slump of facies III deposits onto facies II deposits. Field observations allow us to distinguish between these possibilities. Like the subjacent portions of the Marenco formation, facies III deposits are flat-lying. The contact between facies II and facies III is a gradational contact and no evidence of scouring is observed in the upper portions of facies II. The gradational contact between facies II and III, lack of scour marks at the top of facies II, and parallel bedding orientation all suggest that facies III is autochthonous and therefore not a slump. Across the southeast portions of the peninsula, Gardner et al. [1992] recognize a late Pleistocene mangrove/lagoon facies. This facies is characterized by a dark gray color, in situ mangrove stumps, and locally significant clay [Gardner et al., 1992] . In contrast, facies III deposits are light gray color, contain significantly less organic matter, usually as small (<10 cm long) narrow diameter wood fragments, than both modern mangrove or lagoonal deposits, and clay is absent. Furthermore, it is difficult to envision a scenario where an above-wave base environment such as facies II grades upward into a lagoon setting without evidence of the shoreface environment within an uninterrupted sedimentary sequence. Therefore we assign facies III to a below-wave base depositional environment at an inferred water depth of <À15 m. [10] Three samples were collected over a 32 m interval from column A for AMS dating ( Figure 3a and Table 1 ). The lowermost 11 m of the section (3 -14 m above mean sea level (msl)) is mapped as facies I. A sample of disarticulated shell shards collected from facies II at an elevation of 20 m yielded a 40.99 ± 0.6 ka date. A 34.0 ± 0.24 ka shell sample was collected from facies II at an elevation of 35.1 m ( Figure 3a and Table 1 ). Near the top of the section at 52 m above msl a barnacle from a barnacle-encrusted cobble was collected from facies III (Figure 3a ). This sample yielded a 42.54 ± 0.87 ka age (Table 1) . Barnacle-encrusted cobbles such as sample 3 collected from the section are consistent with high energy mean sea level deposits diagnostic of facies I, not the delicate fine-grained deposits of facies III. This suggests that sample 3 may represent an older sample reworked from a higher landscape position, consistent with postdepositional reworking (Figure 3a , column A).
Radiocarbon Dating of the Marenco Formation
[11] The four samples collected at column B yielded sufficient carbon for dating (Figures 3a and 4and Table 1 ). At the base of section B, barnacle-encrusted cobbles yielding an AMS date of 49.33 ± 1.5 ka were collected 20 cm above a subhorizontal planation surface cut into the Osa mélange exposed at an elevation of 41 m ( Figure 3a and Table 1 Table 1 ). Both samples are composed of disarticulated shell debris concentrated in crab burrows. Delicate thin-walled shells collected at an elevation of 78.8 m from facies III yield an AMS age of 34.87 ± 0.35 ka (Table 1) . At site B, dated samples collected over a 39 m thick fining upward interval span a $15 kyr interval.
[12] At site C the base of the Marenco formation is marked by a subhorizontal planation surface cut across the subjacent Osa Melange at an elevation of 37 m ( Figure 3a ). It is covered by a $0.5 m thick lag of 40.69 ± 0.62 ka shell debris. The veneer of shell debris is overlain by older (46 ± 2 ka) bored and abraded thick-walled oyster shells encrusted by bryozoan colonies. The presence of a resistant sample overlying the younger, more delicate samples suggests that the overlying samples may be reworked from a preexisting upslope position.
[13] At sites D and F, articulated thin-walled marine macrofossils are observed. The shells, interspersed with Sample identification as shown in Figure 3 ; beta analytic number (e.g., 154115). b Radiocarbon-determined ages with one sigma calibrated error. woody debris and leaf impressions, are confined to buff and light gray-colored, very fine silty sand of facies III. At site D, a sample collected at 47 m yields a 34.29 ± 0.4 ka age ( Figure 3a and Table 1 ). However, less than 2 km to the northeast, at site F (Figure 1c ), the youngest (27.22 ± 0.69 ka) sample was collected from a low-lying (15 m above mean sea level) exposure of facies III ( Figure 3b and Table 1 ).
[14] Across the northern portion of the study area, at sites H and I (Figure 3 ), a >45 ka planation surface is exposed at an elevation of 23 m. At location H, isolated remnants of fossil hash containing disarticulated barnacles collected from the contact with the subjacent Osa mélange yield a >46.54 ka age ( Figure 3b and Table 1 ). Along the banks of the Rio Agujas, at site I ($2 km east of site H, Figure 1c ), a planation surface mantled by $2 m of bimodal, cross-bedded sands of facies I is exposed at 25 m elevation. Fossil hash collected from the banks of the Rio Agujas yields a 44.11 ± 0.92 ka age ( Figure 3b and Table 1 ).
[15] In general, the ages of the individual facies are consistent across the study area and decrease up section. Dated samples collected from facies I lie within the range of 49.33 ± 1.5 to 40.69 ± 0.62 ka (Table 1) . Facies II lies within the range of 40.99 ± 0.6 to 34.0 ± 0.24 ka, and facies III from 34.87 ± 0.35 to 27.22 ± 0.69 ka, excluding sample 3 in column A for the reasons mentioned earlier (Table 1) .
Rates of Vertical Tectonism
[16] Dated Marenco formation exposures are used to quantify late Pleistocene rates of vertical tectonism across the Osa Peninsula. Given modern sample elevations (Z), the facies depth (F ), and sea level (S) at the time of deposition (T), surface uplift rate (R) may be calculated by
The modern sample elevation, measured positive upward from mean sea level, was accurately determined using a Sokkia AIR-HB-1L hand-held digital barometer to measure the elevation of the base of each measured section to within ±1 m. Within sections, elevations were determined using the digital barometer and/or a metric tape measure. Facies depth of deposits, measured positive upward from mean sea level, was determined by mapping facies into paleodepositional environments. Reconstructed depositional environments are subsequently assigned probable water depths, based upon reported depths along rocky coastlines. Inherent in the reported facies depths is the assumption that tidal ranges and wave climate have remained relatively constant over the sampling interval. Paleosea level, measured positive upward from mean sea level, is determined from recently published eustatic sea level curves [Chappell et al., 1996; Linsley, 1996; Shackleton, 2000; Cabioch and Ayliffe, 2001; Lambeck and Chappell, 2001 ].
[17] Sea level at the time of deposition is important for calculating the rates of vertical motion. Both the Chappell et al. [1996] and the Lambeck and Chappell [2001] sea level curves are constrained by U/Th dating of uplifted fossil corals exposed on the Huon Peninsula, Papua New Guinea, and the Cabioch and Ayliffe [2001] sea level curve is constrained by U/Th dating of uplifted fossil corals exposed on the island Peltier, 1998] . Although the precise magnitude of the glaciohydroisostatic effect on the Osa Peninsula is undetermined, it is presumably small. Like the Huon Peninsula, where glaciohydroisostatic effects are minimal, Costa Rica is located at a low latitude and is surrounded by a restricted continental shelf [Lambeck, 1990; Chappell et al., 1996] .
[18] In order to evaluate radiocarbon-dated samples collected from the Marenco formation in the context of these U/Th constrained sea level curves, the effects of past fluctuations in atmospheric 14 C concentrations must be considered [i.e., Bard et al., 1990 Bard et al., , 1998 Beck et al., 2001] . High precision AMS and U/Th dating of individual corals and stalagmites indicate elevated atmospheric 14 C concentrations over the last 45 ka [Beck et al., 2001] . Longterm (11-45 ka) elevated atmospheric 14 C concentrations reported by Beck et al. [2001] translate into 14 C ages that are $5 ka younger than U/Th-determined ages for samples >20 ka [Beck et al., 2001] . To account for this discrepancy between ages of dated Marenco formation samples and the U/Th-constrained sea level curve, we assume that all reported radiocarbon ages (Table 1) are 5 ka younger than the corresponding U/Th-determined age [Beck et al., 2001] . For example, a dated Marenco formation sample yielding a 34 ka age requires that we use a paleosea level elevation at 39 ka in the uplift rate calculation in equation (1).
[19] The fining upward Marenco formation was deposited over an interval of generally falling sea level [Chappell, 1996; Linsley, 1996; Shackleton, 2000; Cabioch and Ayliffe, 2001; Lambeck and Chappell, 2001] . However, superimposed on the long-term trend of decreasing sea level during oxygen isotope stage (OIS) 3 is a series of high-frequency, low-amplitude (<25 m) oscillations that vary in timing and amplitude [Chappell, 1996; Linsley, 1996; Shackleton, 2000; Lambeck and Chappell, 2001] . Stratigraphic columns with multiple dated samples are evaluated in the context of these eustatic sea level fluctuations during OIS 3 to document and quantify complex histories of vertical tectonism. In general, all dated basal exposures of the Marenco formation, unconformably overlying beveled surfaces cut across the competent basement, are broadly consistent with temporally localized sea level minima at $50 ka (adjusted to U/Th) (Figure 3, columns B, H, and I) . Furthermore, the >45 m thick accumulations preserved across the northwestern portions of the Osa Peninsula (Figure 3 , columns A and B) are thicker than the low-amplitude ($25 m) fluctuations in late Pleistocene sea level [Chappell, 1996; Linsley, 1996; Shackleton, 2000; Lambeck and Chappell, 2001] . Therefore the space necessary to accommodate the uninterrupted sequences of fining upward sands is the result of forearc subsidence at rates in excess OIS-3 sea level fall.
[20] Figure 5 explores the details of this complex vertical tectonism for column B (Figure 3a) , one of our thickest and temporally best constrained stratigraphic sections. Column B exposes a $40 m thick continuous section spanning from the $54 ka (adjusted to U/Th age) facies I through facies II to the $39 ka (adjusted to U/Th age) facies III. During the interval from 54 to 39 ka (U/Th-corrected ages), sea level rose a maximum of 27 m and fell 9 m by the end of that 15 kyr interval (Table 1 and Figure 5a ) [Lambeck and Chappell, 2001] . This sea level rise created space to build part of our >40 m thick stratigraphic column. However, facies reconstructions indicate an apparent increase in water depth up section within column B from a mean sea level deposit at the base to a <À15 m water depth at the top. Subsidence, coincident with deposition, is required to reconcile progressively deeper water facies over an interval Figure 5 . Vertical deformation path for column B (Figure 3a , site B) derived from five recently reported sea level curves: (a) Huon coral terraces [Lambeck and Chappell, 2001] ; (b) Sulu Sea oxygen isotope record [Linsley, 1996] ; (c) Vanuatu coral terraces [Cabioch and Ayliffe, 2001] ; (d) Huon coral terraces [Chappell et al., 1996] ; and (e) ice core and marine oxygen isotope record [Shackleton, 2000] . The fining upward, >40 m thick, late Pleistocene Marenco formation was deposited coincident with long-term eustatic sea level fall during oxygen isotope stage 3. Generally, analyses indicate an interval of subsidence coincident with deposition followed by rapid postdepositional uplift for all sea level curves. Shaded curve indicates range of sea level as a function of time relative to modern sea level; light shaded regions indicate interpolated sea level between reported intervals; dark shaded regions indicate an interval of reported sea level; and solid line indicates minimum incremental vertical deformation rate. Stratigraphic columns are plotted with U/Th-corrected ages. of eustatic sea level fall and to create sufficient space to deposit the >40 m thick section.
[21] We are able to quantify the rate of vertical tectonism by evaluating each dated horizon from column B in the context of eustatic sea level fluctuations (Figure 5a ). In the $9 kyr interval between deposition of the dated facies I (49 ka 14 C or adjusted to 54 ka U/Th) at an elevation of 41 m and the dated facies II sample (40 ka 14 C or adjusted to 45 ka U/Th) 23 m up section at an elevation of 64 m sea level rose 9 m from À76 to À67 m (Table 1 and Figure 5a ) [Lambeck and Chappell, 2001] . Summing the +9 m change in sea level and the 23 m change in elevation yields a +32 m change in elevation. However, facies reconstructions indicate that the depositional water depth increased from 0 ± 1.4 to À9 ± 6 m, resulting in a net change of 41 m over $9 kyr. This requires a minimum subsidence rate of 3.4 mm yr À1 (Figure 5a ). Over the 6 kyr interval between the dated above wave base facies II sample and the overlying below-wave base facies III sample (15 m up section), sea level fell $20 m (Table 1) [Lambeck and Chappell, 2001] , and a 15 m thick interval of deeper water (from À9 ± 6 m to <À15 m) sediment accumulated (Table 1 and Figure 5a ). The combination of the 20 m sea level fall (Table 1 ) and the accumulation of 15 m of sediment (Table 1 and Figure 3a ) requires a +35 m change in elevation. Facies reconstructions indicate a >6 m decrease in depositional water depth from À9 ± 6 m to <À15 m (Table 1) . Thus summing the apparent shallowing of 35 m with the increased depositional water depth ( À6 m) results in net change of !41 m over 6 kyr. To reconcile this apparent 26 m shallowing (+35 m change in elevation net change minus the 9 m increase in depositional environment) requires rapid subsidence at a minimum rate of 6.8 mm yr À1 (Figure 5a ). Assuming that the top of column B remained at a water depth of À15 m until deposition of the youngest (32.22 ± 0.69 ka, adjusted to U/Th age) facies III sample from site F, then the mean surface uplift rate over the intervening $6 kyr was 0.6 mm yr
À1
. Thus over the interval 54 to 32.22 ± 0.69 ka (adjusted to U/Th) column B records a time-averaged subsidence rate of 2.5 mm yr
. The base of column B is presently exposed 41 m above mean sea level, requiring rapid uplift at a minimum rate of 6.5 mm yr À1 for the past 32 kyr (Figure 5a ). This time-averaged uplift predicts that column B would have passed through the intertidal zone a single time at $27 ka at an elevation of À118 m. This interval is coincident with an interval of rapid sea level fall, thus minimizing exposure to the erosive high-energy surf zone and increasing the likelihood that semilithified Marenco formation deposits would be preserved (Figure 5a ).
[22] Calculated rates of subsidence are sensitive to the sea level curve used to determine the sea level at the time of deposition (S, equation (1)). Oxygen isotope records from the Sulu Sea (Figure 5b) [Linsley, 1996] and raised coral terraces from Vanuatu (Figure 5c ) [Cabioch and Ayliffe, 2001 ] both suggest a higher sea level during OIS 3 than that reported by Lambeck and Chappell [2001] . Over the $22 kyr interval between deposition of the oldest dated sample in column B (54 ka, adjusted to U/Th) and the youngest dated sample of the Marenco formation (32.22 ± 0.69 ka, adjusted to U/Th) the oxygen isotope-constrained Sulu Sea sea level curve [Linsley, 1996] records an 11 m decrease in sea level from À55 to À66 m (relative to mean modern sea level). This in turn yields incremental subsidence rates of 2.9 mm yr À1 between the deposition of samples 4 and 6, 5.5 mm yr À1 between the deposition of samples 6 and 7, and 1.3 mm yr À1 between the deposition of samples 7 and 12 (Figure 5b ). Raised coral terraces from Vanuatu suggest that sea level was significantly higher during the $14 kyr interval between 48 and 34 ka (U/Th date, Figure 5c ) [Cabioch and Ayliffe, 2001] . Evaluating column B in the context of Vanuatu sea level curve yields minimum incremental subsidence rates of 0.33 mm yr À1 between the deposition of samples 4 and 6 and 5.7 mm yr À1 between the deposition of samples 6 and 7 (Figure 5c ). Because the Vanuatu data set does not constrain sea level coincident with the deposition of sample 12, we are unable to determine the incremental rate of subsidence between the deposition of samples 7 and 12. Analysis of column B using two additional eustatic sea level curves reveals a similar pattern of syndepositional subsidence (Figures 5d and 5e ) [Chappell et al., 1996; Shackleton, 2000] . When column B is evaluated in the context of the Chappell et al. [1996] sea level curve from the Huon Peninsula it is possible to calculate a $9 kyr interval of slow (0.4 mm yr
) uplift between the deposition of samples 4 and 6 (Figure 5d ). However, this is followed by $6 kyr of rapid (10.5 mm yr
) subsidence between the deposition of samples 6 and 7 followed by slow (1.2 mm yr À1 ) subsidence between samples 7 and 12 ( Figure 5d ). As these five examples illustrate, the magnitude (and consequently rate) of vertical motion is sensitive to the sea level curve selected. However, more importantly, all of these examples demonstrate that the Marenco formation records a >13 kyr interval of syndepositional subsidence followed by rapid uplift regardless of the sea level curve. In the ensuing analysis we limit our discussion to uplift and subsidence rates determined using the Lambeck and Chappell [2001] sea level curve. The Lambeck and Chappell [2001] curve is used because unlike the other four curves it spans the entire time interval of our dated samples collected from the Marenco formation and it extends to the Last Glacial Maxima ( Figure 5 ).
[23] A similar pattern of subsidence (3.3 mm yr À1 ) coincident with deposition (from 45.99 to 39 ka, adjusted to U/Th age) is calculated for column A using the Lambeck and Chappell [2001] sea level curve, followed by rapid uplift (4.2 mm yr À1 ) after deposition (32 ka, adjusted to U/Th to present) to restore the section to the modern landscape position. As with column B, the exposure at site A would pass through the surf zone once during an interval of rapid sea level fall, therefore increasing the chances for preservation of the semilithified sands.
Effects of Rough Crust Subduction
[24] The complex, yo-yo-like history of rapid syndepositional subsidence followed by rapid uplift observed across the northwestern Osa Peninsula may be related to the morphology of the underthrusting Cocos plate. The response of a forearc to underthrusting bathymetric highs and lows may in some cases be analogous to the hanging wall deformation associated with a fault-bend [e.g., Knipe, 1985] . In both instances, upper plate deformation is a function of the footwall geometry and the hanging wall rheology. The geometry and rheology of the subducting plate (footwall) are independent of the geometry and rheology of the overriding forearc (hanging wall). Nevertheless, in both cases, the hanging wall must deform to allow for variations in the footwall geometry. In the following sections, we use inferences from thrust belts [e.g., Knipe, 1985] to evaluate the duration, uplift rates, uplift magnitudes and strain rates in the forearc in response to bathymetric variations.
[25] In this model, outer forearc deformation is a function of the displacement rate, footwall geometry and hanging wall rheology [e.g., Butler, 1982; Knipe, 1985] (Figure 6a ). In the case of COC-CAR convergent plate boundary, the displacement rate is well constrained and may be determined by the NUVEL-1A global plate motion model [DeMets et al., 1994] and a network of continuously operated GPS stations [DeMets, 2001] . The geometries of incoming features (i.e., slope, curvature, and change in elevation) are constrained by high-resolution bathymetric mapping [von Huene et al., 1995 . We assume, in the case of asperities that are large (i.e., >500 m relief, tens of kilometers wavelength) relative to the thickness of the upper plate, that the undeformed oceanic crust of the subducting plate is rigid relative to the pervasively deformed margin wedge, and the upper plate must experience an up shear followed by a down shear at changes in slope along the leading and trailing edges of subducting bathymetric features. The uplift rate u (mm yr À1 ), Figure 6 . (a) Schematic diagram showing forearc deformation in response to the underthrusting of a bathymetric feature, modified after Knipe [1985] . The slope of the asperity and the relative convergence rate determines rates of surface uplift or subsidence over the incoming feature. Convergence at a known displacement rate v of an asperity of known height h produces shear strain during transport through the straining distance W. (b and c) Strain rates are a function of the displacement rate and the exact geometry of the subducting plate (footwall). Development of hanging wall shortcuts both increases the straining distance W and decreases the curvature of the downgoing plate. Hanging wall shortcuts transfer material from the base of the forearc to the top of the subducting plate.
across a forearc associated with the subduction of ridges and seamounts in this case is
where the displacement rate v is the orthogonal component of the relative convergence vector (mm yr
À1
) and q is the slope of the incoming feature in the direction of convergence (Figure 6a ). Here q is measured positive upward from the horizontal in the direction of transport. When u > 0, the forearc is uplifted. The duration of deformation t across the portion of the hanging wall overriding a bathymetric high is
Where the uplift rate and the height of the subducting feature (Figure 6a) are known, the duration of the uplift event D is
where h is the height of the subducting of the asperity as measured relative to the subjacent ocean floor (Figure 6a ).
[26] Strain accumulates across the forearc as a result of the subduction of asperities such as seamounts and ridges. As the forearc is transported up the leading edge of a bathymetric feature, the forearc experiences up shear, while the trailing portion experiences down shear (Figure 6a) . The cross-sectional length of the straining portion of the hanging wall defines the straining distance W [Knipe, 1985] ,
Here c is the radius of curvature at the leading and trailing edge of subducting asperities (Figure 6a ). The strain rate across the forearc as it climbs up the leading edge of an underthrusting high is
It is worth noting that, for a given convergence rate, the strain rate approaches infinity as the radius of curvature approaches zero. Consequently, for a constant displacement rate, the duration of forearc deformation related to roughness elements depends on the straining distance.
[27] First-order controls on the slopes of submarine seamounts and ridges are the viscosity and effusion rates of submarine lavas [Ballard et al., 1979; Bonatti and Harrison, 1998 ]. Average slopes q associated with hot spot volcanism in the vicinity of the Réunion Islands [Fretzdorff et al., 1998 ] and the Hawaiian Ridge [Mark and Moore, 1987] are $10°. Given a geologically reasonable range of displacement rates (30 to 100 mm yr
) and a 10°slope, uplift rates could range from 5 to 18 mm yr
. Assuming a convergence rate of 30 mm yr À1 and 1 km of relief, the calculated 5 mm yr À1 uplift rate would persist for $190 kyr. However, if the same footwall geometry subducts quickly (100 mm yr
), the rapid (18 mm yr À1 ) uplift rate would be relatively shortlived ($60 kyr). Along the Middle America Trench, such rates may be characteristic of the inner and outer edge of domes on the lower slope that may overlie subducting seamounts [e.g., von Huene et al., 1995] . Nevertheless, given the short duration and limited aerial extent of these uplift pulses, the geologic record will be biased toward preserving longer duration events characterized by slower uplift rates because the rock record is typically too coarse to evaluate the short-duration pulses.
[28] This model results in predictions for the rates and amounts of surface uplift across the overriding forearc, assuming a direct correlation between the template of the downgoing plate and uplift rates across the outer forearc. The deposits that comprise the Marenco formation record deepening water depths from facies I deposited at sea level to facies III deposited below wave base at >15 m water depths. This occurred over a period of net sea level drop from 54 to 32 ka (adjusted to U/Th ages). This observation requires that these localities experienced rapid subsidence at rates of 2.5 mm yr À1 to 6.7 mm yr À1 followed by rapid (4-6.5 mm yr À1 ) surface uplift. An explanation for this subsidence/uplift pattern is that a bathymetric low along the crest of the downgoing Cocos Ridge has passed beneath this portion of the forearc.
[29] The geometry of the subducting plate offshore of Costa Rica is constrained by high-resolution bathymetric mapping (Figure 7a ) [von Huene et al., 1995 . Following the kinematic model described earlier, the footwall morphology (shape of the seamounts, submarine plateaus, and ridges) imaged outboard of the Middle America Trench will influence future vertical tectonism across the forearc. The existing bathymetric data are used to calculate the slope and curvature of the Cocos plate (Figures 7b and 7c) . In general, the slope of the ocean floor is highly variable; it can locally get as steep as 40°along the flanks of seamounts (Figure 7b ). The subduction of these steep-sloped leading edges of seamounts will be marked by short-lived intervals of rapid uplift as the forearc climbs the subducting feature. In turn, this short-lived interval of rapid uplift will be followed by a short-lived interval of rapid subsidence as the overriding forearc descends the steep-sloped trailing edge of the subducting seamount. Curvature across the incoming plate varies greatly from À0.1 to 0.1. The curvature is highest (0.1) at the base and top of the subducting features and is lowest where the slope is high (Figure 7c ). The distribution of high curvature values indicates that strain in the forearc should accumulate near the base and top of the subducting features and not during the intervals of most rapid uplift. The slope of the ocean floor across the plate boundary region oriented parallel to the COC-CAR convergence vector (directional slope q) is shown in Figure 7d . Here the northeast facing slopes are designated as positive. The map of directional slope illustrates the general trend that both the Cocos and Caribbean plates are concave upward in the vicinity of the Middle America Trench and flatten away from the trench (Figure 7d ). Superimposed on this trend are the bathymetric highs on the Cocos plate. Assuming that the COC-CAR convergence vector remains constant, it is possible to use the directional slope values (Figure 7d ) to predict future rates of vertical tectonism across the Costa Rica forearc.
[30] We can evaluate and compare the predictions for future rates based on incoming bathymetry with the rates of uplift and subsidence recorded by the Marenco formation. Here we assume that the convergence rate has remained constant throughout the late Quaternary and the wavelength and magnitude of surface roughness along the northwest flank of the Cocos Ridge outboard of the Middle America Trench are similar to the roughness of oceanic lithosphere subducted during the late Pleistocene. The slope distribution of a bathymetric profile across the ocean floor outboard of the Middle America Trench, parallel to the convergence vector provides a forecast of the magnitudes of vertical motions in the forearc (Figure 8 ). There is broad agreement between the uplift rates and uplift/subsidence history calculated using equation (1) (subsidence rates = À3.4 to À6.8 mm yr À1 and uplift rates = +0.6 to +6.5 mm yr À1 ) for exposures of the Marenco formation and the mean rates predicted by equation (2) for the region offshore (+6.3 mm yr À1 and À2.9 mm yr
). This result suggests that the geometry of the subducting plate may be the dominant control on uplift and deformation in the outer forearc of this erosive margin.
[31] Across the study area, beveled surfaces cut into the Osa mélange are exposed at widely differing elevations (Figure 3 ). These beveled surfaces are draped by similarly aged, flat-lying, accumulations of the Marenco formation (Figures 3a and 3b , Table 1 ). The regions of differential uplift are separated by steeply dipping, faults that trend perpendicular to the margin and displace the Marenco formation and subjacent basement (Figures 1c and 3c) . Although the flatlying Marenco formation is displaced by steeply dipping northwest trending planar faults with separations locally in excess of 40 m (i.e., the fault between sites A and B, Figure 3c ), no penetrative mesoscale (centimeter to decimeter scale) faults are recognized within the Marenco formation. The absence of mesoscale faults suggests that strain across the forearc is accommodated along the widely spaced northwest trending faults. We suggest that these subvertical faults mapped across the northwestern Osa Peninsula (Figures 1c  and 3c ) could be a surface expression of leading-edge-up shear required to accommodate the arrival of irregular crust along the axis of the subducting Cocos Ridge (Figure 6a) .
[32] As the forearc strains to deform about the zones of high curvature at the bases of subducting asperities, hanging wall shortcuts may develop if the bend is too tight and the upper plate cannot flow through the bend (Figure 6b) . The attachment of a sliver of upper plate to the downgoing plate has the effect of increasing the straining distance and lowering the strain rate in the upper plate (Figure 6b ). Similarly, a sliver of upper plate may be detached along the trailing edge of asperities as new hanging wall faults decrease the straining distance (Figure 6c ). This subduction erosion process is one mechanism for producing the outer forearc subsidence that characterizes this margin von Huene et al., 2000; Vannucchi et al., 2001] . The ability of the forearc wedge to climb above asperities is a function of the strength of the forearc. Arcward of the Middle America Trench the upper plate thickens and presumably strengthens [Hinz et al., 1996; Ye et al., 1996; Walther, 2003] . As the forearc thickens the work required to displace it must increase. Ultimately, the work required to displace the forearc may exceed a threshold when the asperities are sheared off (i.e., underplated) or the upper plate fails and throughgoing faults propagate to the surface (i.e., out-of-sequence thrust faulting) [Fisher et al., 2004] . Across the Osa Peninsula, the late Pleistocene to recent history of vertical tectonism varies greatly. From south to north across the study area, the elevation of the basal marine strath increases from <0 m at column A to 40 -50 m across the fault-bounded block containing columns B-E (Figures 1c and 3) . The widely varying elevations of the Marenco formation (Figure 3 ) may record topographic variations across the underthrusting plate presently located beneath the study area. North of site E the basal contact is down-dropped relative to sites B -E (Figures 1c and 3) . The up and down pattern depicted by the basal strath of the Marenco formation may record the passage of a bathymetric high currently centered beneath columns B -E. We suggest that inboard of this high is a bathymetric low possibly centered columns F-I (Figures 1c  and 3) .
[33] The uplift rates reported here for the Marenco formation correlate to the low-amplitude (hundreds of meters) roughness of the Cocos Ridge and not to the 0.5 Ma [Gardner et al., 1992 ] to up to 3 Ma [MacMillan et al., 2004] onset of Cocos Ridge subduction. Our geometric model predicts that surface uplift rates at the onset of Cocos Ridge subduction would have been significantly greater than those attributed to low-amplitude roughness along the ridge axis. Plate tectonic reconstructions of the eastern Cocos plate offshore of the Osa Peninsula indicate late Miocene truncation of the Cocos Ridge by the northsouth trending, right-lateral Panama Fracture Zone [i.e., Lonsdale and Klitgord, 1978; Gardner et al., 1992; Meschede et al., 1998 ]. To the east of the Panama Fracture Zone, in the southern Panama Basin is the northeast trending Malpelo Ridge. Like the Cocos Ridge, the Malpelo Ridge is characterized by NE-SW and ENE-WSW trending axial grabens and rough oceanic lithosphere along the northwest flank [Lonsdale and Fornari, 1980; von Huene et al., 1995; Smith and Sandwell, 1997] . The morphologic similarities and tectonic reconstructions both suggest that the Malpelo Ridge is the displaced leading edge of the Cocos Ridge. Therefore the geometry of the western edge of the Malpelo Ridge, east of the Panama Fracture Zone, may be similar to the morphology of the now subducted leading edge of the Cocos Ridge. Over a horizontal distance of 4 km ). The variable slope of the ocean floor outboard of the trench may result in variable rates of vertical tectonism. Assuming a direct correlation between ocean bottom roughness and vertical displacement of the overriding plate, estimated rates of future uplift and subsidence are broadly consistent with the rates calculated for the Marenco formation. Dashed lines indicate average rate of shallowing (uplift) and deepening (subsidence).
westward across the Panama Fracture Zone, the ocean floor shallows 1.3 km from the subjacent oceanic bottom to the crest of the Cocos Ridge [Moore and Sender, 1995] , indicating a 18°slope. Subduction of the blunt-tipped Cocos Ridge with a similar slope would have resulted in a shortlived ($42 ka) interval of very rapid (31 mm yr À1 ) surface uplift. As this example illustrates, the likelihood of capturing the rapid deformation associated with the early stages of ridge subduction is small. Although a geologic record of the rapid uplift rates that accompany ridge subduction may be elusive, the effects of the subduction of large bathymetric features on forearc kinematics may be ubiquitous.
Conclusions
[34] Exposures of the newly recognized Marenco formation inboard of the axis of the subducting Cocos Ridge provide a detailed record of a complex history of vertical tectonism. Uplifted accumulations of fining upward late Pleistocene marine sands indicative of increasing water depth were deposited during an interval of eustatic sea level fall. The deposition requires rapid syndepositional subsidence. Locally, rapid (>6.5 mm yr À1 ) subsidence rates between $46 and 40 ka (adjusted to U/Th) preceded intervals of rapid (!6.5 mm yr
À1
) uplift over the last 32 kyr (adjusted to U/Th). We suggest that the transition between intervals of uplift and subsidence recorded by the Marenco formation reflects past variations in the elevations of the subducting Cocos plate.
[35] The variable history of vertical tectonism may be modeled by relating rates of surface uplift (and subsidence) to the morphology of the underthrusting plate and displacement rate. This geometric, kinematic model predicts steeply dipping faults oriented perpendicular to the relative convergence vector, similar to the widely spaced northwest trending vertical faults mapped across the northwest coast of the Osa Peninsula that accommodate leading-edge-up shear within the forearc. Moreover, this model provides a kinematic explanation for the frontal erosion commonly recognized across lower slopes in the wake of subducted bathymetric highs [von Huene and Lallemand, 1990; Ranero and von Huene, 2000] .
[36] Future uplift rate histories predicted by this geometric model and the Cocos plate morphology outboard of the Middle America Trench are consistent with the uplift rates calculated for exposures of the Marenco formation within the forearc. This model may be used as a predictive indicator of rates of surface uplift associated with a range of underthrusting geometries and displacement rates. Our analysis suggests that the arrival of the blunt-tipped Cocos Ridge (3 -0.5 Ma) likely resulted in a short-lived ($42 kyr) interval of rapid (>30 mm yr À1 ) surface uplift.
